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a b s t r a c t
The development of eﬃcient hydrogen storage materials is one of the biggest technical challenges for the
coming “hydrogen economy”. The liquid organic hydrogen carriers (LOHCs) with high hydrogen contents,
reversibilities and moderate dehydrogenation kinetics have been considered as an alternative option supple-
menting the extensively investigated inorganic hydride systems. In this review, LOHCs for long distance H2
transport and for onboard application will be discussed with the focuses of the design and development of
LOHCs and their hydrogenation & dehydrogenation catalyses.
© 2015 Science Press and Dalian Institute of Chemical Physics. All rights reserved.
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2. Introduction
The ever severe global energy and environmental crises impel the
hange of energy carriers from current fossil fuels to clean and renew-
ble energy sources, among which hydrogen energy has long been
iewed as a potential solution. However, the lack of proper onboard
ydrogen storage systems meeting the US Department of Energy’s
DOE) targets (5.5 wt% and 40 g/L hydrogen capacity in 2020) [1]
s one of the bottlenecks for the coming “hydrogen economy” [2,3]
lbeit various approaches in storing hydrogen, such as high pressure
nd cryo-liquid hydrogen, physisorption by porous materials [4,5],
etal hydrides [6], complex hydrides [7] and chemical hydrides [8],
ave been explored over the years. Compressed hydrogen tank is
dopted to store hydrogen onboard by several car companies [9],
owever, there are concerns on safety and cost [10,11]. Cryo-liquid hy-
rogen has high gravimetric hydrogen density and is suitable for large
cale hydrogen store. For onboard application, however, the energy
ost in liquefaction and boil-off problem are the drawbacks. Research
ctivities over the past two decades mainly devoted to the condensed
aterials that can store hydrogen chemically or physically. Fig. 1
isplays the gravimetric and volumetric hydrogen densities together
ith the operating temperatures for a number of representative✩ This work was supported by the Project of the National Natural Science Funds for
istinguished Young Scholar (51225206), and Projects of the National Natural Science
oundation of China (grant nos. U1232120, 51301161, 21473181 and 51472237).
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095-4956/© 2015 Science Press and Dalian Institute of Chemical Physics. All rights reservedaterials systems. Chemical hydrides have relatively high hydrogen
ontents and moderate dehydrogenation temperatures, but they suf-
er from irreversibility and energy consuming regeneration. Complex
nd metal hydride, on the other hand, encounter the drawbacks of
nsuitable thermodynamics, sluggish kinetics and/or low hydrogen
ontent. Comparatively, the liquid organic hydrogen carriers (LOHCs)
ith hydrogen content of 5–8 wt%, reversibility, moderate dehy-
rogenation temperature, commercial availability and more impor-
antly, the compatibility with existing gasoline infrastructure, hold
he promises as hydrogen carriers for both onboard application and
arge scale long-distance H2 transportation [12–14]. As a matter of
act, Japanese government has a strategic plan of importing H2 from
verseas by means of liqueﬁed hydrogen or organic hydrides [15].
Early researches on liquid organic hydrides for hydrogen storage
ocused on cycloalkanes [16], i.e., cyclohexane, methylcyclohexane,
nd decalin etc. The dehydrogenation of cycloalkanes to correspond-
ng aromatics, however, occurs at relatively high temperatures due to
he unfavorable enthalpy changes (see Table 1). It was then demon-
trated experimentally by Pez et al. [17] and theoretically by Crabtree
nd coworkers [18] that the incorporation of heteroatoms, such as N
r B, into LOHCs reduces the energy input in dehydrogenation. Those
ndings triggered considerable investigations on heterocycles [13,14].
ore recently, formic acid (FA) with energy density of 4.4 wt% has
lso been demonstrated as a promising hydrogen carrier. It is obvious
hat catalysis in hydrogenation and dehydrogenation is an important
ssue in the application of those LOHCs as hydrogen storage media.
erein below the properties of representative LOHCs, i.e., cycloalka-
es, N-heterocycles, and FA, and the catalysts development will be
eviewed and discussed, with the hope to provide the readers a brief.
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Fig. 1. Schematic view of hydrogen storage properties of different kinds of materials. The hydrogen contents of hydrolysis of NaBH4 or NH3BH3 and the decomposition of N2H4 in
water are estimated by the stoichiometric ratio of substrate and water.
Table 1. Hydrogen storage properties of selected cycloalkanes and the related catalysts for dehydrogenation [19].
Cycloalkanes Product of
dehydrogenation
Hydrogen
capacity (wt%)
Heat of desorption
H (kJ/molH2 )
Selected catalyst for
dehydrogenation
Dehydrogenation
temperature (°C)
Hydrogen evolution
rate (mmol/gcat/min)
Ref.
Cyclohexane Benzene 7.2 68.6 0.5% Pt–0.5%
Ca/Al2O3
300 3 [20]
2% Pt/Al2O3 315 29 [21]
10 wt% Pt/AC 330 510 [22]
Methylcyclohexane Toluene 6.2 68.3 10 wt% Pt/AC 298 520 [22]
0.1 wt% K–0.6 wt%
Pt/Al2O3
320 744 (mmol/Lcat/min) [16]
1 wt%
Pt/Al0.7Y0.3NiO3
350 45.8 [23]
Decalin Naphthalene 7.3 63.9 10 wt% Pt/AC 320 460 [22]
0.8 wt% Pt/Al2O3 340 1 [24]
Fig. 2. Reaction mechanisms proposed for the dehydrogenation of cyclohexane [35].
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lsummary of the on-going activities and perspectives of the near-term
direction.
2. Cycloalkanes
With the advantages of relatively higher hydrogen capacity (6–
8 wt%), liquid state at room temperature, high boiling points, pro-
duction of COx-free hydrogen and low toxicity, cycloalkanes have
been proposed and investigated as liquid hydrogen carriers [25]. The
candidate cycloalkanes reported by far include cyclohexane, methyl-
cyclohexane, and decalin as shown in Table 1. However, because
the dehydrogenation of cycloalkanes is highly endothermic (63–
69 kJ/molH2 ), high temperature for hydrogen release has to be ap-
plied [19,25]. It was reported that methylcyclohexane is more eas-
ily dehydrogenated than cyclohexane because of the presence of side
methyl group [16]. Dehydrogenation of decalin is even more thermo-
dynamically favored than methylcyclohexane. There are a large num-
ber of publications concerning the catalysts development for dehy-
drogenation of cycloalkanes through the decades [16,24,26]. Noble
metal catalysts particularly Pt-based catalysts have been well stud-
ied [21,23,27–29] (shown in Table 1). However, the deactivation of
highly active catalyst because of coking is the main issue to be over-
come. The addition of second metal (such as W, Ir, Re, Rh and Pd etc.
[21,22]) and/or promoter (such as Ca [20,30]) and selection of suitable
support (such as CNF [28] and Al2O3 [16]) are effective against cok-
ing. Besides Pt, non-noble metal based catalysts, such as Ni and Mo,
are alternatives for dehydrogenation because of their low costs and
comparable catalytic activities [31,32]. For cyclohexane, there are two
dehydrogenation mechanisms: the sextet mechanism and the dou-let mechanism [33,34]. As shown in Fig. 2 the difference between
hese two mechanisms lies in whether there are intermediate prod-
cts during dehydrogenation. In the sextet mechanism, cyclohexane
verlies on the catalyst surface and undergoes dehydrogenation di-
ectly to benzene (Fig. 2a). However, the hydrogen will be released
tep by step in the doublet mechanism because of the side adsorp-
ion through C=C double bond on catalyst surface (Fig. 2b).
Re-hydrogenation is a relatively easy process. Noble metal cata-
ysts display excellent performances. Usually, hydrogenations of ben-
T. He et al. / Journal of Energy Chemistry 24 (2015) 587–594 589
Fig. 3. The dependence of the dehydrogenation temperatures of the cyclohexane on N
content [18].
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pene and toluene have been used as the model reactions for the in-
estigation of catalysts’ properties [36,37]. In fact, both hydrogena-
ion and dehydrogenation of LOHCs need highly active catalysts. Chen
nd coworkers put forward a novel slurry system made of metal
lloy and unsaturated LOHCs, in which the metal alloys (including
aNi5, MlNi5(La-rich misch metal nickel-5), Mg2Ni, and Raney-Ni)
atalyze hydrogenation of liquid organic hydrocarbons and also ab-
orb hydrogen by themselves under a mild reaction condition, lead-
ng to the storage of hydrogen in both solid metal alloys and liquid or-
anic hydride [38–42]. Raney-Ni possesses much higher activity than
ther alloys. Although an obviously improved hydrogenation perfor-
ance was observed for the slurry system, the dehydrogenation per-
ormance was not modiﬁed suﬃciently. Yuan showed that the degree
f dehydrogenation of cyclohexane was less than 3% in the MlNi5-
6H12 slurry system [43].
Although much attention has been given to the development
f cycloalkanes for hydrogen storage in the past decades, the ma-
or drawback of this type of hydrocarbon for practical application,
.e., unfavorable thermodynamic properties requiring the operational
emperature over 300 °C, is still pending. Furthermore, the lack of sta-
le dehydrogenation catalyst that could be against coking is another
hallenge, which may be solved by addition of alkali or alkaline earth
etal promoter. Nevertheless, these cycloalkanes are suitable for the
arge scale and long-distance hydrogen delivery because of their low
rices, high purity of hydrogen generated and abundances (for ex-
mple, the world annual outputs of benzene and toluene are around
× 107 ton/year and 1 × 107 ton/year [44,45], respectively).
. N-Heterocycles
.1. Effect of nitrogen
As shown in Section 2, the reduction of operating temperature for
lkane–arene pairs can be kinetically alleviated by employing suit-
ble catalysts. However, the thermodynamic improvement can only
e done via compositional alteration, for example, introducing het-
roatoms into cycloalkanes to form heterocycles [13], which was ﬁrst
roposed by Pez et al. in a series of key patents [17,46]. In those
atents, it was demonstrated that better reversible de/hydrogenation
roperties can be obtained by using highly conjugated and/or het-
roatoms (such as N, O, P or B etc.) substituted hydrocarbons. In par-
icular, the incorporation of N into LOHCs is in favor of their enthalpy
hanges during de/hydrogenation [18,47]. The dependence of the de-
ydrogenation temperature in cyclohexane on N content in cyclohex-
ne is shown in Fig. 3.Crabtree and his co-workers calculated the thermodynamic data
f a series ofN-heterocycles and found that the hydrogen release tem-
erature can be eﬃciently reduced by incorporation of N atoms into
he rings (particularly in 1, 3 positions) or ring substituents. The dehy-
rogenation enthalpy changes of N-substituted ﬁve membered rings
rop more signiﬁcantly than those of six membered rings [18]. Addi-
ionally, replacing C with other heteroatoms, such as O, B and P, could
lso modiﬁed the properties of LOHCs by changing the dehydrogena-
ion enthalpy [46,47].
.2. Hydrogen storage properties of N-heterocycles
Table 2 summarizes some representative N-heterocycles and the
elated catalysts for dehydrogenation. Crabtree and coworkers in-
estigated the catalytic dehydrogenation of N-heterocycles and cy-
loalkanes and found that heteroatom substitution, particularly by
itrogen, favored low temperature hydrogen release, e.g., indoline
an be fully dehydrogenated by Pd/C and Ru/C at 110 °C, while
h/Al2O3 can only reach 43% conversion [47]. Jessop and coworkers
ound that the attachment of electron donating or conjugated sub-
tituents to piperidine ring could increase greatly the rate of cat-
lytic dehydrogenation, among which the highest rates were ob-
erved in 4-aminopiperdine and piperidine-4-carbonxamide [48].
owever, some side reactions, such as C–N cleavage, disproportion-
tion and alkyl transfer etc., also occur during the dehydrogenation
nd hydrogenation. In the following research, they investigated the
ffect of sterics on the dehydrogenation rate of N-heterocycle and
ound that steric hindrance around the nitrogen atom in piperidine
eneﬁts its catalytic dehydrogenation [54]. A similar result was also
bserved in the dehydrogenation of dodecahydro-N-ethylcarbazole
12H-NEC) [55]. The authors attributed this phenomenon to the block
f N from interacting with the catalyst surface by the steric hindrance
roup. The homogeneous Ir–PCP pincer complex was found by Jensen
nd coworkers to be highly active in the dehydrogenation of several
OHCs, including perhydro-dibenzofuran, perhydro-indole, N-methyl
erhydro-indole, 4,4’-bipiperridine, 4-amino-methylpiperridine, and
minomethylcyclohexane [49]. Yamaguchi and Fujita also found that
he pentamethylcyclopentadienyl (Cp∗) iridium homogeneous cata-
yst bearing a 2-pyridonate ligand exhibited an excellent activity in
he reversible dehydrogenation/hydrogenation of 2-methyl-1,2,3,4-
etrahydroquinoline [50]. However, only the N-heterocyclic part par-
icipated in the dehydrogenation/hydrogenation cycle, resulting in a
elatively low hydrogen capacity (2.7wt%). Therefore, the authors fur-
her employed 2,6-dimethyldecahydro-1,5-naphthyridinewith one N
n each ring and achieved 6.0 wt% reversible hydrogen capacity using
p∗Ir bearing bipyridonate ligand catalyst [51].
Support is an important factor to the activity and stability of a het-
rogeneous catalyst. Recently, Sánchez-Delgado and his coworkers
eported that noble metals on basic supports (PVPy [56] or MgO
57,58]) catalyzed the hydrogenation of N-heterocycles much faster
han on acidic supports (SiO2 or Al2O3). In quinoline hydrogena-
ion, the same authors demonstrated that the reaction rate increased
onotonically with the basicity of the support, i.e., MgO < CaO < SrO
59]. Due to the polarity of C=N bond in N-heterocycles, a catalytic
echanism involving heterolytic hydrogen splitting and ionic hydro-
enation on the metal/basic support interface was proposed [58,59].
ur recent results showed that covalent triazine framework (CTF)
upported Pd nanoparticles exhibited a markedly improved activity
n hydrogenation of N-heterocycles as compared to the active carbon
upported catalyst (see Fig. 4), conﬁrming the promoting effect of ba-
ic support [60].
Among the N-heterocycles, the saturated-unsaturated pair
f dodecahydro-N-ethylcarbazole (12H-NEC) and N-ethylcarbazole
NEC) (shown in Scheme 1) has been extensively investigated as a
romising candidate for hydrogen storage [61,62]. Although the H
590 T. He et al. / Journal of Energy Chemistry 24 (2015) 587–594
Table 2. N-heterocycles and catalysts for dehydrogenation (selected cases).
Products of
dehydrogenation
Hydrogen
capacity (wt%)
Calculated H
(kJ/molH2 )
Catalyst and activity Ref.
Indoline indole 1.7 51.9 5% Pd/C: 110 °C, conversion 100% [47]
5% Ru/C: 110 °C, conversion 100% [47]
4-Aminopiperdine 4-aminopyridine 6.1 56.7 10% Pd/SiO2: 170 °C, conversion 66% [48]
Piperidine-4-
carbonxamide
pyridine
-4-carbonxamide
4.7 5% Pd/SiO2: 170 °C, conversion 100% [48]
Perhydrodibenzofuran dibenzofuran 6.7 IrH2[2,6-C6H3-OPPr
i
2]2: 200 °C,
conversion 100% selectivity: 8%
[49]
Perhydroindole tetrahydroindole 1.8 IrH2[2,6-C6H3-OPPr
i
2]2 : 200 °C,
conversion 100%
[49]
N-methyl perhydroindole N-methyl indole 5.8 IrH2[2,6-C6H3-OPPr
i
2]2: 200 °C,
conversion 99% selectivity: 62%
[49]
2-Methyl-1,2,3,4-
tetrahydroquinoline
2-methylquinoline 2.7 Cp∗Ir bearing a 2-pyridonate ligand:
138 °C
[50]
2,6-Dimethyldecahydro-
1,5-naphthyridine
2,6-dimethyl-1,5-
naphthyridine
6.0 Cp∗Ir bearing bipyridonate ligand:
138 °C
[51]
Dodecahydrocarbazole carbazole 6.7 51.1 5% Pd/C: 170 °C, conversion 100% [19]
Dodecahydro-N-
ethylcarbazole
N-ethylcarbazole 5.8 50.6 5% Pd/C: 170 °C, conversion 100% [19]
4% Pd/Lithium aluminate: 197 °C [46]
5% Pd/SiO2: 170 °C [52]
IrH2[2,6-C6H3-(OPBu
t)2]2: 200 °C [53]
T. He et al. / Journal of Energy Chemistry 24 (2015) 587–594 591
Fig. 4. Hydrogenation of N-methylpyrrole at 100 °C and 120 °C using neat CTF-1, 4%
Pd/CTF-1 and 4% Pd/AC under 20 bar H2, respectively.
Scheme 1. Dehydrogenation and hydrogenation of 12H-NEC and NEC pair.
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Scheme 2. Possible reaction pathways for the decomposition of formic acid: dehydro-
genation (1) and dehydration (2) [78].or dehydrogenation of 12H-NEC is similar to that of dodecahydro-
arbazole and a certain amount of hydrogen capacity will be sacri-
ced inevitably by attaching an ethyl group to carbazole, the melt-
ng point reduces dramatically by attaching substituents, for exam-
le, the NEC has a melting point of 68 °C which is ca. 180 °C lower
han carbazole (247 °C). Another advantage of NEC over carbazole is
hat the nitrogen atom is blocked by the ethyl group from the inter-
ction with catalyst surface, and thus, the deactivation of catalyst can
e alleviated.
The use of NEC as a reversible hydrogen storage material under
oderate conditions was ﬁrstly proposed by Pez et al. from Air Prod-
cts [17,46]. 5% Ru and 4% Pd on lithium aluminate were employed as
ydrogenation and dehydrogenation catalysts, respectively. NEC can
eversibly store and release ca. 5.6 wt% hydrogen with slight capacity
rop in ﬁve cycles. Pd/SiO2 catalyst appears to be highly active. Smith
nd coworkers found nearly 100% conversion of 12-NEC at 170 °C
ver 5% Pd/SiO2 [52]. Unfortunately, the dehydrogenation products
ontain NEC and the partially dehydrogenated intermediates, such
s octa- and teterahydro-N-ethylcarbazole (8H-NEC and 4H-NEC). In
he following studies, the same authors found the turnover frequency
TOF) and selectivity of the dehydrogenation were strongly depen-
ent upon the Pd size, i.e., the maxima in both activity and selec-
ivity were obtained on Pd with an average particle size of 9 nm
55,63,64]. The mechanistic studies on the catalytic dehydrogenation
emonstrate that the dehydrogenation of 12H-NEC starts from the
ve-membered ring by weakening the axial C–H bonds adjacent to N
tom, producing 8H-NEC as the primary intermediate on Pd- and Pt-
ased model catalysts [65–67]. The Ir-PCP pincer homogeneous cata-
yst was found to dehydrogenate 12H-NEC at 200 °C [53]. However,
he dehydrogenation to the ﬁnal NEC is diﬃcult to be achieved in
ost cases.
The catalytic hydrogenation of NEC to 12H-NEC can be carried
ut using Ru- and Rh-based catalysts. A commercial Ru/Al2O3 cata-
yst exhibits a selectivity of 97% to the fully hydrogenated products
t 7 MPa and 130–150 °C [52,68]. Tsang and coworkers found that Ru
as the most active transition metal for the hydrogenation of NEC
62,69,70,71]. However, Ru catalyst suffers from a relatively low se-
ectivity to the desired product due to the accumulation of kinetically
table intermediate, 8H-NEC [61]. The Rh-based catalyst, on the otherand, exhibits a higher selectivity to 12H-NEC under comparable con-
itions. Cheng and coworkers realized full hydrogenation and dehy-
rogenation of NEC and 12H-NEC pair using Ru/Al2O3 and Pd/Al2O3,
espectively, with slight degradation after 10 cycles [72].
Besides N-heterocycles, B-N-based heterocycles, including 1,2-
N-cyclohexane and 3-methyl-1,2-BN-cyclopentane etc., with mod-
rate dehydrogenation temperature have been developed as a new
lass of liquid hydrogen materials recently [73,74]. However, the two
ain issues, i.e., the cost of B-N-heterocycles and the economic vi-
ble way of regeneration of spend fuels, need to be solved to satisfy
he large scale application in the future [75].
Although the unfavorable thermodynamic properties of cy-
loalkanes were optimized by incorporation of heteroatoms result-
ng in lower operational temperature, there are still pending issues,
uch as cost, toxicity, stability and kinetic barrier etc., worthy of fur-
her evaluation and investigations. The development of eﬃcient cat-
lysts could overcome the kinetic barrier. However, the metal catalyst
s easy to be poisoned due to the existence of lone electron pair in N.
urthermore, some N-heterocycles are no longer in liquid state after
ydrogenation or dehydrogenation under ambient conditions, which
ay not be a good news for the practical application [76]. Users need
o warm up the car and liquefy the hydrogen carrier before starting
he engine, which is unacceptable for consumers. Therefore, search-
ng for organic compound that can maintain its liquid state even at
he temperature as low as –40 °C is essentially necessary. As men-
ioned above, homogeneous catalysts in general show excellent activ-
ties in the hydrogenation or dehydrogenation. However, the thermal
tability of homogeneous catalysts is still unsatisfactory. Additionally,
he separation of homogeneous catalyst and reactant after deactiva-
ion will be a complicate procedure.
. Formic acid (FA)
FA with a hydrogen content of 4.4 wt%, stable and low toxic at
mbient condition, easiness in transportation, handling and storage,
olds the promises as a safe and convenient liquid hydrogen carrier
77,78]. As shown in the Scheme 2 the decomposition of FA follows
wo competitive reactions: the R1 – the dehydrogenation, yielding
2 and CO2 and, the R2 – the dehydration, yielding CO and H2O [78].
n addition, the water-gas shift (WGS) reaction may take apart in af-
ecting the distribution of decomposition products. The dehydration
athway is undesirable and should be strictly controlled to minimize
he concentration of CO. The R1 is a reversible process. By using eﬃ-
ient catalysts CO2 can be hydrogenated back to FA [79]. Therefore,
n this section, the decomposition and regeneration of FA will be
iscussed.
.1. Decomposition of formic acid
Early studies on both homogeneous and heterogeneous catalytic
ecomposition of FA didn’t aim to hydrogen storage [80–82], but
ather refer the reaction of FA decomposition as a model reaction for
he mechanistic study of catalysis. It is until 2008 that the catalytic
ehydrogenation of FA gained renascence featuring the follow-up ex-
ensive investigations for the purpose of hydrogen storage thanks to
he independent researches from Beller’s group [80] and Laurenczy’s
roup [81].
592 T. He et al. / Journal of Energy Chemistry 24 (2015) 587–594
Fig. 5. Catalytic cycle of the hydrogenation of CO2 using [RuCl2(PTA)2] in water or
DMSO [114].
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[Rh- and Ru-based homogeneous catalysts have been well stud-
ied for the catalytic decomposition of FA [83–87]. Beller and cowork-
ers investigated the catalytic activity of Rh using a number of
different precursors, including [RhCl2(p-cymene)]2, RhCl2(PPh3)3,
[RhCl3(benzene)2]2 and RhBr3·xH2O, in the presence of different lig-
ands and different amines. Both RhBr3·xH2O and RhCl2(PPh3)3 pre-
cursors exhibit higher activities, showing a TOF higher than 300 h−1
at 40 °C without the detection of any CO as a by-product [83,85].
Later, the same authors reported a turnover number (TON) of 260,000
with an average TOF of 900 h−1 using an optimized RuCl2(benzene)2-
based soluble catalyst [88]. Laurenczy and coworkers added HCOONa
into the aqueous FA solution and found the accelerated catalytic ac-
tivity by a factor of 50 in the presence of Ru(H2O)6 or RuCl3·xH2O
combined with met-trisulfonated triphenylphosphine (mTPPTS) lig-
and [86,87]. Furthermore, no deactivation of catalyst and no detec-
tion of CO were observed for more than 100 cycles at 90° C in this
system. Considering the high price of noble metal catalysts, Beller
and coworkers developed a highly active Fe-based catalyst for the
decomposition of FA (TOF: 9425 h−1 at 80 °C). The Fe-based catalyst
could be formed in situ from Fe(BF4)2·6H2O and a tetradentate phos-
phine ligand (P(CH2CH2PPh2)3) [89]. Later, a number of eﬃcient Fe-
based homogeneous catalysts for FA decomposition were developed
[90–93], in which a pincer supported Fe catalyst exhibits a high TON
of ca. 1 × 106 [90].
For the heterogeneous catalytic decomposition of FA, on the other
hand, the monometallic noble metal catalysts, including Au, Pd, Ir, Pt,
Ru and Rh etc., were investigated recently. Ojeda and Iglesia synthe-
sized nanosized Au particles supported on Al2O3 and found a high FA
decomposition activity without the evolution of CO [94]. The com-
mercial Pd/C, Au/TiO2 and Au/C were found active in gas phase by
Ross and coworkers as well [95]. Solymosi, however, found that the
Pd/AC exhibited a poor activity and selectivity for the FA decomposi-
tion in aqueous phase [96,97]. Alloying Au or Ag to Pd couldmarkedly
increase the activity and selectivity, which can be interpreted as a
change in the electronic properties of the active Pd alloy [98]. Re-
cently, Xu and coworkers introduced Au-Pd alloy into metal organic
framework (MOF) and synthesized Au-Pd/MOFs catalyst, which is the
ﬁrst highly active MOF immobilized metal catalyst for FA decom-
position [99]. Besides alloys, catalysts with core-shell structure also
exhibit distinguished properties. Xing and coworkers synthesized
PdAu@Au core shell nanoparticles supported on activated carbon and
found considerably improved activity and stability as compared to
the Au/C and Pd/C [100]. More recently, catalysts with multiple metal
components and high activities for FA decomposition were devel-
oped in order to reduce the content of noble metals [101–103]. Fur-
thermore, Xu et al. reported immobilization of ultraﬁne Pd nanopar-
ticles on diamine-alkalized reduced graphene oxide (Pd/PDA-rGO),
which exhibited the highest TOF value (3810 h−1 at 50 °C) for
aqueous FA decomposition. Several selected heterogeneous cata-
lysts for decomposition of FA in aqueous phase are summarized inTable 3.
Table 3. Selected heterogeneous catalysts for the decomposition of aqueous FA.
Catalyst Temperature (°C) TOF (h−1) Ref.
Pd/C 25 64 [97]
AgPd/C 50 382 [98]
AuPd/C 50 230 [98]
AuPd/ED-MIL-101 90 106 [99]
PdAu@Au/C 80 [100]
Co0.3Au0.35Pd0.35/C RT 80 [101]
PdNi@Pd/GNs-CB RT 150 [102]
CoAuPd/DNA-rGO RT 85 [103]
Pd/PDA-rGO 50 3810 [104]
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l.2. Regeneration of formic acid
The regeneration of FA from the hydrogenation of CO2 needs to
perate in a basic environment to favor the formation of FA ther-
odynamically. It is not essential to remove the base after hydro-
enation since base is also needed in the decomposition of FA [105].
he Rh-, Ru- and Ir-based homogeneous catalysts have been well
nvestigated. Leitner and coworkers found that the Rh-based cata-
ysts with different ligands are highly active for the hydrogenation
f CO2 in water or DMSO solution [106,107]. Himeda et al. reported
pH-dependent catalyst [Cp∗Ir(dhbp)Cl]+ for the hydrogenation of
O2 and found this catalytic system bears the advantages of high ef-
ciency, easy separation, catalyst recycling, waste-free and aqueous
atalysis [108]. To realize the in situ reversibility of dehydrogenation
nd re-hydrogenation of FA by using the same catalyst, Hull et al. de-
eloped the ﬁrst reversible and recyclable system by using a homo-
eneous Ir catalyst with a proton responsive ligand [109]. The hydro-
en production and consumption can be controlled through switch-
ng pH [109,110]. Beller and coworkers developed a Ru catalyst for the
elective hydrogenation of CO2 to formates and dehydrogenation of
ormates back to bicarbonates [111]. However, the solubilities of CO2
nd H2 in solvent are usually insuﬃcient, resulting in unfavorable ki-
etics and low conversion. Therefore, the hydrogenation of CO2 un-
er supercritical condition, which promotes the mass transfer, could
igniﬁcantly enhance the yield of FA [112,113]. Since the addition of
ase to CO2 solution would complicate the separation of FA from
he solution and decrease the hydrogen capacity, the hydrogenation
f CO2 without alkaline additives is more promising. Laurenczy and
oworkers described the direct hydrogenation of CO2 into FA using
RuCl2(PTA)2] catalyst in water or DMSO without any additives [114].
hey found the catalyst can be reused for multiple times without a
ecrease in activity. The catalytic cycle for this reaction was proposed
s shown in Fig. 5.
Although the homogeneous catalysts are investigated extensively
or the regeneration of FA, the separation of catalyst during recycling
s one of the pending issues [77]. Therefore, the heterogeneous cata-
ysts, which have yet to be developed [115–117], are the next step to
e taken. In additional, the separation and collection of CO2 from the
aseous products of decomposition of FA is another important prob-
em to be considered in the real application.
. Other potential LOHCs
The technical targets of onboard hydrogen storage system for
ight-duty vehicles are 5.5 wt% in capacity and –40–60 °C for
T. He et al. / Journal of Energy Chemistry 24 (2015) 587–594 593
Fig. 6. Potential LOHC candidates. Blue: cycloalkanes; Red: N-heterocycles; Green: other potential organic hydrogen carriers. The names of the LOHCs can be found in the support-
ing information.
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Rperational temperature, which means that, in this temperature re-
ion, at least 1 bar equilibrium hydrogen is needed. The equilibrium
ressure strongly depends on the enthalpy and entropy changes in
ehydrogenation Reaction [2]. The entropy change of the dehydro-
enation mainly comes from the molecular hydrogen, which is about
30 J/K/molH2 . Therefore, to reach an equilibrium pressure of 1 bar
ydrogen in the temperature range of –40 °C to 60 °C [1], H should
e in the range of 30–44 kJ/molH2 , a quite narrow thermodynamic
indow for the materials design and development of hydrogen stor-
ge (the space within the dotted lines in Fig. 6).
Besides the abovementioned three kinds of LOHCs, there are other
andidates as listed in Fig. 6 that are worth of serious considera-
ions. Since the bonding strength of C–H is higher than that of C–C,
he selectivity to H2 from decomposition of aliphatic alkanes to cor-
esponding alkenes or alkynes is usually low even in the presence
f noble metal catalyst. More importantly, the dehydrogenation en-
halpies of aliphatics are high, andmore energy input is needed to ob-
ain H2. Furthermore, the short-chain alkanes are in gaseous state un-
er ambient conditions. Calculations [46] show that better reversible
e/hydrogenation properties can be obtained using larger conjugated
olecules as shown in Fig. 6, e.g., the dehydrogenation enthalpy of
etracosahydrocoronene (3 in Fig. 6) is further decreased as com-
ared with mono-aromatics and di-aromatics. Therefore, searching
or a polycyclic aromatic hydrocarbon with suitable molecular size
nd moderate dehydrogenation enthalpy may be one of the direc-
ions for LOHCs.
Fortunately, several candidates, such as imidazolidine, 1,2,3,5,6,7-
examethyldodecahydropyrrolo[3,2-f]indole,dodecahydro-1H-pyrro
o[2,3-b:4,5-b′]dipyrazine and 1-methylimidazolidine are located
n the optimal region (Fig. 6). However, some of the dehydrogena-
ion enthalpies are too low to stabilize the compounds at ambient
emperature, for example, 1,2,4-triazolidine, 1,2,3-triazolidine and
ctahydro-1H-purine. Recently, a new hydrogen storage system
ased on RCH2NH2/RC≡N couple was proposed [118]. Although the
ydrogenation of nitrile has been intensively investigated before, the
eversible catalytic dehydrogenation is challenging. Szymczak and
oworkers employed the homogeneous [HRu(bmpi)(PPh3)2] catalyst
o selectively dehydrogenate primary amines into the corresponding
itriles under moderate conditions [119]. However, R groups inrimary amines are too large, sacriﬁcing the hydrogen capacity
igniﬁcantly. The primary amines with smaller R group usually
eammoniate rather than dehydrogenation. Very recently, we intro-
uced alkali metal into primary amines forming metalated amines
nd demonstrated the direct dehydrogenation under relatively mild
onditions [120,121]. However, the reversible hydrogenation is by far
nsuccessful. Therefore, the key issues to be addressed in the future
or the N-heteroalkanes are the development of eﬃcient catalysts
nd compositional alteration for the liquid hydrides to achieve high
ravimetric hydrogen density and suitable reaction enthalpy.
Besides amines, alcohols, R-SH, R-BH and R-PH are potential hy-
rogen carriers worthy of extensive evaluations. One case from Air
roducts’ patent shows that the dehydrogenation of dodecahydro-
H-dibenzo[b,d]borole (29 in Fig. 6) to 1H-dibenzo[b,d]borole pos-
esses a suitable enthalpy, showing the promise as hydrogen carrier.
ethanol, a liquid with large annual global production, reacts with
2O yielding 12.1 wt% H2 following the reaction (3) [122]. Such a pro-
ess holds the promises for the on-site hydrogen production.
H3OH + H2O = 3H2 + CO2 (R3)
. Summary
The design, synthesis and evaluation of new organic hydrides and
he development of eﬃcient, non-noble metal catalysts are the ar-
as worthy of intensive research inputs. With the vast versatility of
rganic hydrides, suitable candidates for both onboard applications
nd large scale-long distance H2 transport are expectable.
upplementary Materials
Supplementary material associated with this article can be found,
n the online version, at doi:10.1016/j.jechem.2015.08.007.
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